Background {#Sec1}
==========

*Listeria monocytogenes* {#Sec2}
------------------------

*Listeria monocytogenes* is a foodborne pathogen that causes listeriosis and is estimated to cause 1600 illnesses and 260 deaths per year in the US \[[@CR1]\]. *L. monocytogenes* is found commonly in natural and agricultural soil, water, and animals, where it can contaminate raw food materials directly and be transferred into processing facilities \[[@CR2]\]. *L. monocytogenes* can be found on ready-to-eat (RTE) foods, such as produce, soft cheeses, and, relevant to this study, deli meats \[[@CR3]\]. In 2003, a risk assessment linked 90% of listeriosis cases in the U.S. to contaminated RTE deli meats \[[@CR3]\]. While more recent work also suggests produce is emerging as another high-risk commodity \[[@CR4]--[@CR7]\], listeriosis remains a concern in deli meats \[[@CR4], [@CR6], [@CR8]--[@CR11]\]. Typically, one may find growth niches, or harborage sites, of *Listeria* usually in areas that are difficult to clean, such as drains, condenser coils, cold rooms, or microcracks within bulky, heavy processing equipment \[[@CR12], [@CR13]\], as well as some food contact surfaces, such as deli slicers, counters, or cutting boards \[[@CR14]\]. When water and organic materials are available in niches, *L. monocytogenes* can not only survive but multiply \[[@CR15], [@CR16]\]. Once in the niche, the pathogen may form a biofilm, or become associated with a pre-existing biofilm \[[@CR17]--[@CR20]\]. Biofilms can make it even harder to eliminate the strain as the biofilm physically protects the strain from exposure to bactericidal concentrations of sanitizer \[[@CR21], [@CR22]\].

*L. monocytogenes* can also survive and grow pHs as low as 4.7 and as high as 9.2 \[[@CR23]\], high salt concentrations (10% w/v) \[[@CR24]\], and in the presence of sub-lethal concentrations of antimicrobial solutions or sanitizers (amount varies per sanitizer) \[[@CR25], [@CR26]\]. Resistance to these extrinsic stresses likely contribute to its survival in processing environments where pH, osmotic, and sanitizer stresses are common \[[@CR27]--[@CR30]\], and survival represents a risk for cross-contaminating food products produced in those environments.

Persistence {#Sec3}
-----------

*L. monocytogenes* can persist in food processing environments for months to decades \[[@CR23], [@CR31]\]. Persistent strains represent a continual risk of contamination within a manufacturing or processing environment. For this paper, persistence is defined as the continued presence of a clonal population of bacteria, over time, at a specific location \[[@CR32]\], due to long-term survival with or without population growth. That clonal population is a 'strain' and when testing for the presence of the bacteria at that location once may collect a specific 'isolate' of a persistent strain. Many researchers believe that niches within the food environment \[[@CR21]\], biofilm formation \[[@CR33]\] including mixed biofilms \[[@CR34]--[@CR37]\], and *L. monocytogenes*' resistance to sanitizers \[[@CR38], [@CR39]\] and other extrinsic stresses, may contribute to strain persistence. While the contribution of niches and biofilm formation have been extensively discussed as components of *L. monocytogenes* persistence, this study will focus on a relative gap in the literature on persistent versus sporadic *L. monocytogenes* phenotypic responses to extrinsic stresses and energy source availability -- specifically growth at 37 °C as a rapid screen and proxy for potential persistence ability.

Relevant stress response phenotypes of persistent strains {#Sec4}
---------------------------------------------------------

There are relatively few reports comparing persistent and sporadic strains for differences in salt and acid tolerance. One recent paper stated that persistent strains from a cheese-processing facility were better adapted than sporadic strains to grow in 2.5, 4, and 8% NaCl and acidic, pH 5, conditions \[[@CR28]\]. Another earlier paper compared acid tolerance in 17 persistent to 23 non-persistent strains from three meat-processing plants \[[@CR12]\]. No difference was observed in log reduction after the acid stress, but the authors noted that two non-persistent strains were the most acid-sensitive strains. In contrast, there are multiple reports comparing persistent and sporadic strains for differences in response to with benzalkonium chloride (BAC). One research article \[[@CR40]\] reported 14 persistent isolates, from two separate pork-processing plants, with BAC resistant genes. These isolates related back to the multilocus sequence typing (MLST) sequence type 121 (ST121) \[[@CR40]\], which has been known to be both persistent and contains the BAC resistant transposon Tn*6188* \[[@CR2], [@CR40]\]. However, not all isolates of persistent strains contain this transposon or BAC resistant genes \[[@CR23]\]. The *bcr*ABC cassette has been attributed to BAC resistance, but not every strain, persistent or non-persistent, contains this, likely, plasmid localized operon \[[@CR41], [@CR42]\]. Overall, there is a lack of consistency in the literature on whether persistent strains are more resistant to particular stress conditions compared to sporadic strains from similar sources.

Classification of persistent strains and relationship to phenotype work {#Sec5}
-----------------------------------------------------------------------

One potential explanation for inconsistency in phenotyping studies' results is that each study has its own rules to identify persistent and sporadic comparison groups. Persistent strains are typically empirically identified by isolating, on different sampling dates, *L. monocytogenes* that are found to be indistinguishable, or otherwise of the same stain, by the best subtyping method available to the researchers \[[@CR23]\]. For example, the source studies for isolates used in this study required indistinguishable isolates to be isolated on at least 3 sampling periods each at least 1 month apart. In particular, many publications \[[@CR8], [@CR43]--[@CR45]\] used pulsed-field gel electrophoresis (PFGE) for subtyping. While PFGE has been the gold standard for assessing genetic relationships between *L. monocytogenes* isolates, this technique has recently been replaced by whole genome sequencing (WGS), which has helped to improve listeriosis outbreak investigations, genotypic subtyping, and allow for other inquiries \[[@CR46]\]. As the costs continue to lower, WGS is becoming a viable alternative for distinguishing strains and investigating contamination in food processing plants \[[@CR47]\]. WGS has also been used to improve the differentiation of persistent and sporadic strains from retail delis in multiple regions of the US \[[@CR32]\]. Yet, the authors' are unaware of published work comparing phenotypes of persistent and sporadic strains using strains classified by WGS-based methods.

Motivation and hypothesis {#Sec6}
-------------------------

The aim of this study was to compare extrinsic factor phenotypic responses between persistent and sporadic strains of *L. monocytogenes* classified by the best available subtyping methods. To do so, 95 isolates of persistent and sporadic strains collected from a previous, longitudinal study of 30 retail delis across the US. First the isolates were subtyped by PFGE \[[@CR8]\]. Then, in a follow-up study, all of the isolates were sequenced and WGS-based methods were used to refine the identification of persistent strains, specifically by a, core-genome, Single Nucleotide Polymorphisms (SNP)-difference metric \[[@CR32]\]. From that work, the isolates were reliably classified as persistent or sporadic strains representing 25 putative persistence events (isolates from more than one sampling time forming a well-supported clade) and closely related sporadic strains (from the same genetic clade). For this study, a panel of 95 isolates was assembled representing 74 isolates of 20 persistent strains and 21 isolates of closely related sporadic strains. The panel represented a sample set with the statistical power to rigorously test if isolates of persistent and sporadic strains differ in growth responses (ability to growth, growth rate if able to grow) to osmotic pressure, acidic and alkali conditions, sanitizers, and energy sources. The hypothesis was that if persistent isolates have adapted advantages over closely related, sporadic strains, they would show significantly greater growth rates, or ability to grow, in the presence of these extrinsic stress conditions and energy sources in a high-throughput screening experiment at 37 °C.

Results and discussion {#Sec7}
======================

Ninety-five *L. monocytogenes* isolates, comprised of 74 isolates of 20 persistent strains and 21 sporadic strains, were tested for their growth rates and ability to grow in the presence of extrinsic stress conditions and utilization of energy sources (Table [1](#Tab1){ref-type="table"}). These strains were collected from a previous, longitudinal study in retail delis \[[@CR8]\], where persistent strains were identified based on WGS core genome SNP analysis \[[@CR32]\]. Table 1Description of treatments for the extrinsic stress and energy source test, including pre-growth, treatment media formulation, and replicates testedTreatmentsReplicates^a^Pre-growth mediaEnergy SourceSalt (%)pH levelsBAC^b^ (μg/mL)Stress Conditions (tested in nutritive media \[BHI\]) Control3BHIDextrose0.57.200 5% NaCl4BHIDextrose57.200 10% NaCl4BHIDextrose107.200 pH of 5.23BHIDextrose0.55.200 pH of 9.23BHIDextrose0.59.200 BAC 2 μg/mL6BHIDextrose0.57.202 BAC 5 μg/mL6BHIDextrose0.57.205Energy Source Utilization (tested in chemically defined media \[DM\]) DM Control3DM GlucoseGlucose0.56.750 DM Cellobiose6DM GlucoseCellobiose0.56.750 DM Fructose4DM GlucoseFructose0.56.750 DM Glycogen6DM GlucoseGlycogen0.56.750 DM Lactose4DM GlucoseLactose0.56.750 DM Sucrose6DM GlucoseSucrose0.56.750^a^ Number of resuscitated, biologically independent replicates that were used for the corresponding treatment^b^ BAC, Benzalkonium Chloride

Growth responses to extrinsic environmental stresses are consistent with previous literature {#Sec8}
--------------------------------------------------------------------------------------------

To represent isolates' growth ability in the presence of osmotic, pH, and sanitizer stress conditions, isolates were classified by ability to grow (ΔOD~600~ ≥ 0.1) in all (Growth \[G\]), some (Variable \[VAR\]), or no (No Growth \[NG\]) replicates of each treatment (Table [2](#Tab2){ref-type="table"}). To verify our treatment conditions could provide plausible tests of *L. monocytogenes* stress responses, we first analyzed results for isolates' ability to grow and their growth rates as a whole, without separating by persistent or sporadic status. Table 2Number of the 95 *L. monocytogenes* isolates with a given growth status for each treatment conditionTreatments^a^GrowthVariableNo Growth*p*-value^b,c^Stress Conditions (tested in nutritive media \[BHI\]) Control9500-- 5% NaCl9500No test 10% NaCl51440**2.2 × 10**^**--16**^ pH of 5.290500.059 pH of 9.290500.059 BAC 2 μg/mL0950**2.2 × 10**^**−16**^ BAC 5 μg/mL04946**2.2 × 10**^**− 16**^Energy Source Utilization (tested in chemically defined media \[DM\]) DM Control46472-- DM Cellobiose603500.052 DM Fructose474800.62 DM Glycogen335210**0.021** DM Lactose11183**2.2 × 10**^**−16**^ DM Sucrose11876**2.2 × 10**^**− 16**a^ See Table [1](#Tab1){ref-type="table"} for formulations of each treatment^b^ *p*-values, for the Fisher's Exact test, for difference in growth response category between control and individual treatments in the same stress condition or energy source test category^c^ Bolded *p*-values are statistically significant at *p* \< 0.05

Isolates' ability to grow was not significantly different from control BHI media for the 5% NaCl and pH 5.2 & 9.2 conditions. Isolates had significantly reduced ability to grow in 10% NaCl and 2 & 5 μg/mL BAC. BAC 5 μg/mL media was the least likely to support growth, with just above 50% (49/95) of isolates having variable growth and the rest of the panel not growing at all. While pH 5.2 and 9.2 trended to be significantly different (*p* = 0.052), there were only fives isolates that were in variable growth. Those five isolates with variable growth at pH 5.2 and pH 9.2 were not the same isolates across the two treatments.

Overall, stress conditions decrease growth rate among *L. monocytogenes* isolates that were able to grow (Additional file [1](#MOESM1){ref-type="media"}: Figure S1, overall analysis of variance \[ANOVA\] treatment effect *p* \< 0.001). When comparing all extrinsic stress conditions, all treatment means were significantly lower than the control of normal Brain Heart Infusion (BHI) media (Tukey's HSD, *p*-value = 0.05 threshold). The conditions of 5% NaCl, BAC 2 μg/mL, and pH 9.2 were all indistinguishable (Additional file [1](#MOESM1){ref-type="media"}: Figure S1), with remaining treatments showing even lower growth rates. Stress condition treatments were separated into three individual groups: salt, pH, and sanitizer. Within each group, growth rates are significantly different by dose (i.e. BAC 2 μg/mL results are significantly different from BAC 5 μg/mL, and so on). This expected dose-dependent effect was used as a confirmation that our treatment levels were reasonable.

As a species, *L. monocytogenes* is relatively resistant to many environmental stresses \[[@CR48], [@CR49]\]. It is not surprising that all isolates were always able to grow in 5 % salt, and all showed at least variable growth in 10 % salt, as *L. monocytogenes* is known to grow at high salt concentrations (up to 10% NaCl w/v) \[[@CR24], [@CR49]\]. Similarly, most isolates were always able to grow in both acidic (pH 5.2) and alkaline (pH 9.2) conditions, and it is known *L. monocytogenes* can survive and grow at low pHs (≥ 4.7) and high pHs (≤ 9.2) \[[@CR23], [@CR49]\]. As for the BAC data, treatment with 2 & 5 μg/mL allowed, at best, variable growth with significantly reduced growth rates. While industry uses a variety of different sanitizers, the concentration of BAC needed for complete inhibition of growth is around 60 μg/mL \[[@CR50]\], a level that is justified, as this study showed that some, but not all, isolates are able to grow when exposed to lower concentrations. Overall, these data align with what has been seen already in literature for treatment effects of salt, pH, and sanitizer stress on growth of *L. monocytogenes* isolates, and this study adds substantial data on strain-to-strain variability. Other studies have focused on strain-to-strain variability and have found similarly variable results, not classifying strains as persistent or sporadic \[[@CR51]--[@CR54]\].

Ability to utilize various energy sources in chemically defined media varies by isolate {#Sec9}
---------------------------------------------------------------------------------------

*L. monocytogenes* was also examined for its ability to grow on various energy sources in chemically defined media (DM; see Table [2](#Tab2){ref-type="table"}). The control condition data, DM Glucose, were split between consistent (*n* = 46) and variable (*n* = 47) growth with two isolates that never grew. Comparatively, DM Cellobiose maintained more consistent growth of isolates (*n* = 60) than any other treatment or the control. Only DM Cellobiose and Fructose conditions had zero No Growths; while DM Lactose and Sucrose had the most No Growths. DM Glycogen, Lactose, and Sucrose were the only treatments that had significantly different growth distributions than control DM Glucose (*p* \< 0.05 for all), all with reduced ability to support growth. Cellobiose showed a trend towards supporting more growth than control (*p* = 0.052).

Growth rates of the *L. monocytogenes* isolates were not as varied in DM (Additional file [2](#MOESM2){ref-type="media"}: Figure S2). When comparing the treatments to the control (DM Glucose), only DM Lactose and Sucrose gave significant differences in growth rates (Tukey's HSD test, p \< 0.05) and overall was reduced, compared to control. These two treatments are also the same treatments that are least likely to support growth (Table [2](#Tab2){ref-type="table"}). One important note, in these analyses, is that the definition of growth is a given change in optical density (OD) over time. This a created a growth rate limit of detection of ΔOD~600~ ≥ 0.1/24 h = 0.004ΔOD~600~/h; therefore, growth below this threshold was excluded.

Defined media and supported growth {#Sec10}
----------------------------------

The results for which energy sources support the growth of *L. monocytogenes* are mostly consistent with previous studies in chemically DM, with this work testing a larger panel of energy sources and isolates. Most isolates were able to grow on glucose, cellobiose, fructose, and glycogen, whereas lactose and sucrose only rarely supported growth. The DM formula used in this study was a version of the formula used by Amezaga et al., the only difference was the use of different carbohydrates. Amezaga et al. stated that their media supported *L. monocytogenes* growth on glucose; however, no other carbohydrates were tested \[[@CR55]\]; data in the study reported here suggests other growth factors may be required for robust growth of many strains for some carbohydrates.

A similar DM formula, developed by Premaratne et al., supported growth on fructose, cellobiose, and a few other energy sources not tested here, but not on lactose, sucrose, and other energy sources not tested here; glycogen data was not reported on in Premaratne et al. \[[@CR56]\]. The major differences between these two DM formulae is that Amezaga et al. had added other materials like α-lipoic acid in ethanol and different phosphate salts \[[@CR55]\]. While both DMs supported growth, only Premaratne et al. looked at multiple carbon sources besides glucose. The Premaratne formula used 10.0 g/L of glucose (equivalent to 55.5 mM) and did not specifically state the concentrations of the other tested sugars \[[@CR56]\]. Thus, it is assumed that 10.0 g/L was used for all of the tested sugars. In contrast, all media in this study were formulated with 25 mM of a sole energy source. It is possible, though unlikely, that the relatively lower molar concentration of energy sources in this work could contribute to differences between each energy sources' data.

The results presented in this study are consistent with other studies that show growth is supported by glucose, cellobiose and fructose \[[@CR55]--[@CR57]\], but the literature varies on if lactose and sucrose support *L. monocytogenes* growth \[[@CR49]\], and glycogen has not been extensively studied \[[@CR57]\]. In this study, isolates grew more consistently on cellobiose than on the control condition of glucose and showed a trend towards faster growth rates. The other DM formulation papers discussed above used glucose as their main energy source and reported consistent growth. Specifically, they reported consistent growth for three replicates of the common lab strain ATCC 23704 \[[@CR55]\] and unknown replicates of strains Scott A, V7, CA, OH, ATCC 19115, and 28 unspecified dairy isolates \[[@CR56]\]. Given that this study tested a larger panel of isolates these results suggest that cellobiose may be a better sole energy source for formulating DM to support the growth of a wide range of *L. monocytogenes* isolates from a deli-environment.

Cellobiose {#Sec11}
----------

There are a few intriguing implications of the possibly increased ability of cellobiose to support growth over glucose. Since cellobiose is comprised of two glucose molecules, a dimer, one could assume growth on cellobiose should be similar to glucose. However, as there is a slight difference favoring cellobiose, there are at least three possible explanations for this difference. First, *L. monocytogenes* can be found in many different environments, but is common within the soil as a saprotroph \[[@CR58]\]. As cellobiose is very common in soil, which is made up of decaying plant matter, and free glucose is rare, *L. monocytogenes* may have has adapted for comparatively better growth on cellobiose-rich substrates.

Second, it is possible that cellobiose is more energetically favorable compared to glucose metabolism. A few studies have found that in the presence of cellobiose, the main transcriptional activator of virulence genes, *prfA*, is down-regulated \[[@CR57]--[@CR60]\] -- at least in part due to substrate-specific phosphotransferase system (PTS) importation \[[@CR61]\] directly linked to virulence gene repression \[[@CR62]\]. After PTS import of cellobiose, the substrate is phosphorylated, cleaved into glucose and glucose-6-P, and subsequently catabolized by the Embden-Meyerhof pathway \[[@CR57], [@CR63]\] like glucose. It is not clear which carbohydrate, glucose or cellobiose, would be more energetically favorable in DM based on the reduction of the metabolic burden of virulence gene expression and the cost of PTS transport.

Finally, the cellobiose treatment may have provided more gross energy simply due to formulating media on a mM basis. The implication of formulating our media on a mM basis is that there was an equal concentration of cellobiose and glucose molecules in each media. Since cellobiose is effectively broken down into two glucoses, it may be possible that cellobiose supported more growth because it effectively became twice as much available glucose, and from a single energetic importation.

Glycogen {#Sec12}
--------

The DM data suggests that some deli-isolated *L. monocytogenes* can grow on media with glycogen as the primary energy source, which has not been previously reported by papers that developed chemically defined media. The total growth on glycogen is low, usually around a ΔOD~600~ of + 0.15. Still, according to Bergey's manual of 2015, *L. monocytogenes* is known to not have any acid production from glycogen \[[@CR49]\]. This discrepancy may be due to different methods to determine growth. The study presented here did not evaluate acid production from carbohydrate sources. Another caveat is that 10/95 isolates never grew in glycogen treated media, and all were from a single PFGE type, suggesting there may be sub-populations of these *L. monocytogenes* that differ in glycogen utilization.

Lactose and sucrose {#Sec13}
-------------------

While the DM data suggests that most deli-associated *L. monocytogenes* isolates are unable to grow with lactose or sucrose as the sole energy source, there is intriguing variability in these phenotypes. Specifically, at least one isolate was able to consistently grow on each of these sugars, and a few more isolates showed variable growth. This variability of growth is particularly interesting for lactose, as *L. monocytogenes* can be isolated from dairy products \[[@CR48]\], and unpasteurized dairy products have long been identified as high-risk foods for listeriosis \[[@CR3]\]. However, the DM Lactose data suggests that deli-associated *L. monocytogenes* cannot grow well on lactose, by itself, in chemically defined media. It would be interesting to compare these results to growth of these same deli isolates to the growth of dairy-isolated *L. monocytogenes* in lactose-supplemented DM. In general, future work is needed studying strains of *L. monocytogenes*, from various sources, grown on multiple energy sources in different environments to assess if the variability is more a function of the strains, environments, or media components.

Persistent and sporadic isolates from deli sources do not differ in extrinsic stress tolerance or energy sources utilization {#Sec14}
----------------------------------------------------------------------------------------------------------------------------

To test if persistent and sporadic isolates differ in relevant phenotypes the growth rate and ability to grow data were reanalyzed, separating isolates by persistence status (Figs. [1](#Fig1){ref-type="fig"} and [2](#Fig2){ref-type="fig"} are reanalyzed versions of Additional file [1](#MOESM1){ref-type="media"}: Figure S1 and Additional file [2](#MOESM2){ref-type="media"}: Figure S2, respectively). Mean growth rate did not differ systematically or statistically between isolates of persistent and sporadic strains for any treatments (*p* \> 0.05 in all cases, by t-test). In addition, overall tests of data from extrinsic stress conditions and energy source usage were non-significant for the persistence factor (ANOVA, *p* = 0.82 & *p* = 0.22, respectively) and the interaction of persistence and treatment (ANOVA, *p* = 0.79 & *p* = 0.92, respectively). This suggests that there is no interaction effect between treatment and persistence of deli-associated *L. monocytogenes* on growth rate. Fig. 1Box plots of average growth rate for *L. monocytogenes* isolates exposed to stress conditions, separated by their persistence factor. Data includes the average of only replicates where growth was observed (ΔOD~600~ ≥ 0.1), in log scale. The box represents the interquartile range (IQR), the line represents the median of the treatment, whiskers are drawn to the furthest point within 1.5 x IQR from the box, and the points are outliers of the data. No significant differences were observed in average growth rate between persistent and sporadic isolates for any treatment Fig. 2Box plots of average growth rate for *L. monocytogenes* isolates grown in chemically defined media (DM), separated by their persistence factor. Data only includes replicates whose growth was observed (ΔOD~600~ ≥ 0.1), in log scale. The box represents the interquartile range (IQR), the line represents the median of the treatment, whiskers are drawn to the furthest point within 1.5 x IQR from the box, and the points are outliers of the data. No significant differences were observed in average growth rate between persistent and sporadic isolates for any treatment

Isolates' ability to grow was also reanalyzed to account for persistence status (Table [3](#Tab3){ref-type="table"}). None of the treatments showed a significant difference in the proportion of isolates able to grow, or not grow, compared to control conditions for isolates of persistent or sporadic strains (*p* \> 0.05 in all cases that were testable). From both of these assays, it is unlikely that isolates of persistent strains are able to grow better in extrinsic stress environments or on various energy sources than genetically similar isolates of sporadic strains. Table 3Number of the 95 *L. monocytogenes* isolates with a given growth status for each treatment condition, testing differences between persistent and sporadic isolatesTreatments^a^Growth (%)^b^Variable (%)No Growth (%)*p*-value^c^PersistentSporadicPersistentSporadicPersistentSporadicStress Conditions in Nutritive Media (BHI) Control74 (100)21 (100)00001.0 5% NaCl BHI74 (100)21 (100)00001.0 10% NaCl BHI41 (55)10 (47)33 (45)11 (53)000.62 pH of 5.269 (93)21 (100)5 (7)0000.58 pH of 9.270 (95)20 (95)4 (5)1 (5)001.0 BAC 2 μg/mL0074 (100)21 (100)001.0 BAC 5 μg/mL0041 (55)8 (38)33 (45)13 (62)0.22Energy Source Utilization (tested in chemically defined media \[DM\]) DM Glucose38 (51)8 (38)34 (46)13 (62)2 (3)00.46 DM Cellobiose50 (68)10 (48)24 (32)11 (52)000.12 DM Fructose38 (51)9 (43)36 (49)12 (57)000.62 DM Glycogen24 (32)9 (43)41 (55)11 (52)9 (12)1 (5)0.55 DM Lactose1 (1)09 (12)2 (10)64 (87)19 (90)1.0 DM Sucrose1 (1)015 (20)3 (14)58 (78)18 (86)0.81^a^ See Table [1](#Tab1){ref-type="table"} for treatment formulations^b^ Numbers in parentheses are the percentage of the total persistent or total sporadic isolates^c^ *p*-values were determined by Chi Square Test, or Fisher's exact test if any cells contained less than five isolates

To check for robustness of these conclusions, phylogenetic clades established in previous research (\[[@CR32]\] and Additional file [3](#MOESM3){ref-type="media"}: Table S1) were added as a factor in the model for persistence and treatment effects on growth rates and ability to grow. Phylogenetic clade did not have a significant effect in the model for grow rate for either stress tolerance (*p* = 0.1) or energy source utilization (*p* = 0.5). While clade did have a significant effect in the model of ability to grow for both stress tolerance (*p* = 0.03) and energy source utilization (*p* = 0.01), these models gave unstable estimates for the other parameters. Importantly, in all four models, the persistence-treatment interaction and the main effect of persistence were always, still, not significant (*p*-values \> 0.6 in all cases). Further, the main effect of treatment was always significant (*p* \< 0.001 in all cases). Therefore, we can conclude clade does not meaningfully impact the conclusion that isolates of persistent strains are able to grow better in extrinsic stress environments or on energy sources than otherwise similar isolates of sporadic strains that are also from retail delis.

Discussion of the differences between persistent and sporadic *L. monocytogenes* isolates in their growth rates and their ability to grow {#Sec15}
-----------------------------------------------------------------------------------------------------------------------------------------

Previous reports have shown persistent and non-persistent *L. monocytogenes* strains and how they react to varying salt concentrations, acidity conditions, and quaternary ammonium compound (QAC) concentrations \[[@CR12], [@CR28], [@CR40], [@CR46], [@CR64]\]. Recently, a report by Magalhães et al. looked at BAC resistance, osmotic pressure, and pH conditions on growth kinetics, in 41 persistent and non-persistent strains from three cheese processing plants classified by PFGE subtyping. They concluded that there were not significant differences in lag time or growth rate between persistent and non-persistent strains in 50 μg/mL of BAC. The BAC data presented in this study is consistent with the sanitizer data section of Magalhães et al.'s report \[[@CR28]\]. As for the other two stresses, the osmotic pressure and acid data presented here is in conflict with Magalhães et al.'s data \[[@CR28]\]. While they were able to provide evidence that lag time was shorter for persistent strains at 2.5, 4, 8% NaCl and pH 5, there were no significant differences in the data presented here between persistent and sporadic strains grown under similar conditions. For the interaction of persistence and acid tolerance, Lundén et al., that showed 17 persistent strains, from three meat-processing plants, had higher tolerance, less log reduction, to acidic (pH 2.4 for 2 h) conditions than 23 non-persistent strains \[[@CR12]\]. In that study, growth under sub-lethal acid stress was not tested.

There could be at least two possible contributions to the differing results of persistent strain growth under extrinsic stresses: classification methods and small sample sizes. The Lundén study identified 34 different PFGE subtypes, of which 12 were persistent and 22 were non-persistent. This means that Lundén et al.'s comparisons of persistent and non-persistent strains used a restriction fragment pattern analysis method known to be influenced by mobile elements such as prophage \[[@CR12]\]. In addition, to empirically identify persistence, they only classified strains persistent if they were isolated 5 or more times in a span of 3 months (in comparison, this study used a WGS-based SNP-difference metric). Truly persistent strains isolated less frequently might have been classified as non-persistent, as a logical consequence of the empirical rules defined within the research.

Comparatively, other studies have relatively smaller sample sizes (*n* \< 50) of isolates \[[@CR12], [@CR28], [@CR30], [@CR65]--[@CR67]\] compared to the 95 isolates analyzed here. To overcome the limitations of previous subtyping methods and smaller samples sizes, the study presented here used persistent strains identified by WGS SNP-based analyses that can account for certain prophage effects \[[@CR32]\]. We included 74 persistent strains, representing 20 putative persistence events, and 21 closely related sporadic strains of *L. monocytogenes* from retail delis, providing increased statistical power. Within the full data set, it does not seem that isolates of persistent strains of *L. monocytogenes* grow faster or have a better ability to grow than sporadic strains. It seems that, more likely, isolates of persistent strains rely on permissive environmental conditions rather than phenotypic adaptations.

Finally, all of the isolates used in this study were isolated from retail delis. While this lack of diversity is a limitation to the study's generalizability, the narrow focus of the project was necessary to provide a valid, if limited, test of growth for retail deli-isolated strains of *L. monocytogenes* at 37 °C, responding to various environmental and energy source factors. Future studies could explore phenotypic differences between persistent and sporadic strains (i) including other extrinsic or intrinsic factors, such as colder temperatures, 4--10 °C and 20--25 °C, and in solid media and (ii) isolates from multiple locations, such as clinical and natural environments.

Conclusion for persistence and growth rates and ability to grow of *L. monocytogenes* {#Sec16}
-------------------------------------------------------------------------------------

This study set out to characterize different phenotypic responses of isolates from persistent and sporadic strains. Extrinsic stress conditions and various carbohydrate sources have significant effects on *L. monocytogenes*' ability to grow and growth rate. However, when comparing growth between isolates of persistent and sporadic strains from retail delis at 37 °C, there does not seem to be any differences in the ability to grow or growth rates. These results indicate that *L. monocytogenes* isolates of persistent strains are likely not persistent due to strain specific phenotypes in the extrinsic factors tested here (salt, pH, sanitizer, and energy source stress; acknowledging that lower temperatures, water activity, non-carbohydrate nutrients, etc., were not studied here). Rather, persistence is likely a combination of environmental conditions and factors. From this conclusion, the authors believe future research on the control of persistent *L. monocytogenes* would be better focused on improving environmental-based monitoring and seek-and-destroy strategies \[[@CR13]\] to eliminate harborage sites, which are known to contribute to persistence. Other work could be to investigate differences between persistent and sporadic *L. monocytogenes* in refrigerated, solid media from multiple source environments. This work also adds to literature on *Listeria* metabolism by finding evidence for strain-to-strain variability of *L. monocytogenes*' energy source utilization, particularly with glycogen, lactose, and sucrose.

Materials and methods {#Sec17}
=====================

Strain selection {#Sec18}
----------------

In this study, 95 isolates (74 \[77%\] persistent and 21 \[23%\] sporadic) that represent 20 putative persistence events and 21 sporadic strains were analyzed. These isolates were included in a previous study that used WGS based phylogenetics to identify persistent strains from retail delis \[[@CR8], [@CR32]\]. These delis were locations within larger retail grocery establishments that sell a variety of processed meats sliced on site. *L. monocytogenes* isolates were identified by consistently swabbing 28 food contact and nonfood contact locations in the delis; additional details on the sampling project are reported in \[[@CR8]\]. Stasiewicz et al. applied WGS SNP-based phylogenetics to the strains and argued that certain well-supported clades identified putative persistence events were unique to a single deli, unique to a single state, or spanned multiple states \[[@CR32]\]. These isolates were identified as representing putative persistent strains. Critical metadata for all isolates selected for sequencing are found in Additional file [3](#MOESM3){ref-type="media"}: Table S1 and additional metadata are stored in the database [www.foodmicrobetracker.com](http://www.foodmicrobetracker.com).

While the referenced study \[[@CR32]\] analyzed 175 isolates, the authors selected 95 isolates of those 175 as this number is appropriate for high-throughput analysis in microtiter plates. The 95 chosen isolates were systematically selected. First, only strains that were associated with statistically-significant WGS SNP evidence for persistence were selected \[[@CR32]\]. Second, the panel included all sporadic isolates closely related to the persistent strains (specifically, were in the same clade). Third, only isolates physically available from Dr. Oliver's lab at Purdue University were acquired. This consolidated 175 isolates to 105 candidate isolates for the phenotyping panel. Of the 105 candidates, some putative persistence events were more represented than others were, so 10 randomly selected isolates were discarded from events that already had sufficient representation. Overall, 95 total isolates, 74 persistent and 21 sporadic, were selected and represent 20 putative persistence events and 21 closely related sporadic strains. This imbalance of persistent and sporadic strains was a consequence of the relative rarity of sporadic isolates in the original sampling study. This should not impact the power of the study to detect differences between persistent and sporadic strains overall, but may lower the power of analyses by clade.

Isolates were maintained at − 80 °C in 12.5% v/v glycerol-brain-heart infusion (BHI) media in 96-well microplate format (Corning Clear Polystyrene 96-Well Microplates 360 μL, Corning, Tewksbury, MA). Before being assayed in the Bioscreen C, isolates were resuscitated from frozen stocks by pre-growth in control media (BHI or DM Glucose, described below) at 37 °C, for optimal growth, for 18 to 24 h (Overnight, O/N) with shaking at 150 rpm, again in the 96-well microplates.

Treatment media {#Sec19}
---------------

There were multiple treatment media used in this project (Table [1](#Tab1){ref-type="table"}). This project used nutritive media to create stress conditions and chemically defined media to assay growth in different energy sources. The control media were either BHI (Sigma-Aldrich, St. Louis, MO) or a chemically DM, specifically formulated for *Listeria* species \[[@CR55]\], which uses glucose as a control energy source. As the tested *L. monocytogenes* strains come from retail delis, three different extrinsic stresses were tested, that are commonly associated with persistence -- osmotic pressure, acidic and alkali pH, and a sanitizer. Therefore, the following media were made: BHI with 5% or 10% w/v NaCl; BHI at pH 5.2 or 9.2 BHI (adjusted with 3 M HCl or 3 M NaOH); BHI with 2 or 5 μg/mL benzalkonium chloride (BAC), a QAC and common industry sanitizer \[[@CR33]\]. Specifically, different environments can harbor various amounts of salt, acid and alkali, and sanitizer \[[@CR28], [@CR29], [@CR68], [@CR69]\]. The concentrations listed here are the final concentrations used in the test media (i.e. 5.5% NaCl w/v was created so that a 1:10 dilution would have a 5.0% NaCl w/v final concentration).

Energy sources were also assayed, such as glucose (control), cellobiose, fructose, glycogen, lactose, and sucrose. DM was used to focus in on the growth rate and ability to grow given different carbohydrate sources. The DM energy sources were substituted at the same initial concentration (25 mM) as directed in previous literature \[[@CR55]\]. Each energy source was chosen to represent a source the pathogen may encounter within a food environment. Cellobiose was for observing *L. monocytogenes*' ability to grow on plant matter (vegetables). Fructose was representative of fruit sugars (fruits). Glycogen was representative of muscle tissue (meats). Lactose was representative of milk sugars (dairy products). Sucrose was representative of refined sugar (sweets).

Growth assay {#Sec20}
------------

O/N cultures were transferred from the resuscitated 96-well plate to a 100-well Honeycomb Bioscreen Plate (Growth Curves USA, Piscataway Township, NJ) in the treatment specific media (20 μL O/N culture with 180 μL of fresh, treatment media, i.e. a 10-fold dilution). A 10-fold dilution inoculation was chosen so that the initial inoculum was above the machine's detection limit, and therefore initial density and lag phase could be obtained at a time point zero. Cultures were then grown for 24 h, at 37 °C, in the Bioscreen C (Growth Curves USA, Piscataway Township, NJ) Automated Growth Curve Analysis System. The Bioscreener software recorded the OD~600~ of each of the 100 wells from time zero to 24 h later in 15 min intervals, with shaking at medium-intensity 15 s before each interval reading. This data collection scheme allowed for capture of the starting inoculation levels, final growth level, lag phase, and growth rate, as described below. Cultures were assayed for 3--6 biological replicates of each treatment by individual resuscitations from frozen stock cultures.

The specific growth temperature of 37 °C was utilized in the initial screen for relevant phenotypes because this temperature was experimentally convenient compared to refrigerated temperature work. Originally, the design of the experiment was for a high-throughput screen at 37 °C and to perform follow-up experiments at 4 °C, if there were observed significant differences, to gather data even more relevant to environmental survival. As there were no significant differences observed between growth of isolates of persistent and sporadic strains, at 37 °C, the 4 °C work was not attempted in this study.

Growth data was analyzed using an open-source regression tool specifically adapted to fitting food microbiological growth models to OD data \[[@CR70]\]. The tool fits a Baranyi Roberts growth curve to the OD~600~ data. Curves were only fit to data where growth was observed, which is defined as ΔOD~600~ ≥ 0.1. Outputs would include the initial and final OD~600~, lag time, maximum exponential growth rate, doubling time, and ΔOD~600~ of calculated from each well. The initial analysis included isolates' lag time, ΔOD, and growth rate. However, only growth rate analyses are presented, as the lag time was inversely related to growth rate and ΔOD was directly proportional to growth rate. Each isolate was grown at a minimum of three times and a maximum of six times. For each treatment, the growth rates were averaged for the control treatments. Initial OD~600~ readings for all wells of BHINormal and DM Glucose had means of 0.195 and 0.112 with standard deviations of 0.062 and 0.021, respectively, suggesting these isolates were inoculated to similar initial densities within their respective media.

Data analysis {#Sec21}
-------------

Growth parameter data was analyzed to compare both if isolates were able to grow and growth rate, if growth was observed. As for the isolates' ability to grow, isolates were given the designations of "Growth," (G) "Variable," (VAR) or "No Growth" (NG) if they either grew in (ΔOD~600~ ≥ 0.1) every replicate of a treatment, grew in at least one replicate but not all, or did not grow in any of the replicates of a treatment, respectively. Significant differences were tested in the number of isolates for each growth category for each treatment compared to its respective control (Control \[BHINormal\] and DM Control \[DM Glucose\], for stress response and energy source utilization, respectively) using χ^2^ tests (or Fisher's Exact tests if any cell had \< 5 counts). When persistence was examined for its effect on growth, comparisons to a control were not used. Fisher's Exact tests were utilized for singular treatments split by persistent and sporadic connotations.

To analyze growth rate data, data was aggregated across replicates by calculating the mean lag time, max growth rate, and ΔOD, for each strain for each treatment where growth was observed (ΔOD~600~ ≥ 0.1). Then, the data was tested for the effects of treatment, persistence, and the interaction of treatment\*persistence on growth parameters using Analysis of Variance (ANOVA). Plotting and further statistical analyses were performed in JMP (JMP Pro 13.0.0, SAS Inc., Cary, NC). Phylogenetic clades were also examined for their effect as a main effect into the previously described models for both growth rates and ability to grow.

Supplementary information
=========================

 {#Sec22}

**Additional file 1: Figure S1.** Box plots of the average growth rate for *L. monocytogenes* isolates exposed to stress conditions. Data includes the average of only replicates whose growth was observed (ΔOD~600~ ≥ 0.1), in log scale. The box represents the interquartile range (IQR), the line represents the median of the treatment, whiskers are drawn to the furthest point within 1.5 x IQR from the box, and the points are outliers of the data. Groups were created by use of Tukey's HSD, where the same letters indicate means that are not different from each other. **Additional file 2: Figure S2.** Box plots of average growth rate for *L. monocytogenes* isolates grown in chemically defined media (DM) at 25 mM concentrations of each energy source. Data includes averages of only replicates whose growth was observed (ΔOD~600~ ≥ 0.1), in log scale. Groups were created by use of Tukey's HSD, where the same letters indicate means that are not different from each other. **Additional file 3: Table S1.** Metadata of the 95 *L. monocytogenes* isolates analyzed.
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